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ABSTRACT 

A Flywheel Energy Storage Demonstration Project was 
initiated at the NASA Glenn Research Center as a pos- 
sible replacement for the battery energy storage system 
on the International Space Station (ISS). While the 
hardware fabrication work was being performed at a 
university and contractor's facility, the related simula- 
tion activity was begun at Glenn. At the top level, 
Glenn researchers simulated the operation of the ISS 
primary electrical system (as described in another 
paper) with the Flywheel Energy Storage Unit (FESU) 
replacing one Battery Charge and Discharge Unit 
(BCDU). The FESU consists of a Permanent Magnet 
Synchronous Motor/Generator (PMSM), which is con- 
nected to the flywheel; the power electronics that con- 
nects the PMSM to the ISS direct-current bus; and the 
associated controller. The PMSM model is still under 
development, but this paper describes the rest of the 
FESU model — the simulation of the converter and the 
associated control system that regulates energy transfer 
to and from the flywheel. 

INTRODUCTION 

Spacecraft electrical power systems, in general, convert 
solar energy into usable electrical energy. For low Earth 
orbit, a rechargeable energy storage system is necessary 
to supply loads during the eclipse period as well as to 
provide backup power. Traditionally, space-qualified 
electrochemical storage batteries have served this pur- 
pose. However, unless there is a provision to replace 
such batteries often, they can limit the life of the space- 
craft power system. 

To address this need, researchers at the NASA Glenn 
Research Center at Lewis Field are developing an 
electromechanical energy storage (flywheel) system as 
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a battery replacement. In terrestrial systems, flywheels 
are often used as load equalizers. In space systems, 
flywheels have been used extensively for attitude control. 

The new development intends to use the flywheel for 
both energy storage and attitude control. It is a joint 
industry-NASA effort. Naturally, the energy storage 
requirements for battery replacement are much higher 
than those for attitude control. 

A comparison between flywheel and NiH: battery sys- 
tems for the EOS- AMI type spacecraft 1 showed that a 
flywheel system would be much smaller and lighter: 
a 35 percent lighter mass, a 55 percent smaller volume, 
and a 6.7 percent smaller area needed for the solar array. 
For more information on NASA's flywheel programs, 
current status, business opportunities, and related issues, 
please refer to Glenn’s space power web site. 2 

At the top level, Glenn researchers are modeling the 
ISS primary electrical system 3 with a new Flywheel 
Energy Storage Unit (FESU) replacing one Battery 
Charge and Discharge Unit (BCDU). At the next level, 
the FESU will be modeled to account for the dynamics 
between the direct current (dc) to three-phase alterna- 
ting current (ac) converter and the motor model. In 
addition, a separate motor modeling activity is taking 
place, both in the circuit domain and in the finite 
element modeling (electromagnetic) domain. 4 This 
paper describes the simulation of the converter and 
associated control system that regulates energy transfer 
to and from the flywheel. A simpler representation of 
the motor/generator was employed in the simulation as 
described later in this paper. 

SYSTEM DESCRIPTION 

Inertial energy stored in a flywheel varies as the square 
of its rotational speed. This permits the flywheel energy 
storage system a depth of discharge of 90 percent 
(which is possible for a battery system but at the 
expense of life) for a reduction in speed to only one- 
third. For this flywheel, the operating speed has been 
established to be between 60 000 rpm (max) and 20 000 
rpm (min). The flywheel rotational inertia constant is 
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selected according to the energy storage needed, and 
the flywheel rotating speed simply goes up or down 
during charge or discharge within the operating speed 
limits. The mechanical and structural properties of the 
wheel as well as the reliability of the shaft bearings 
govern the upper limit. Further lowering of the lower 
speed limit does not yield any significant depth of dis- 
charge. Figure 1 shows the energy flow in a flywheel 
system for charge and discharge conditions. Figure 2 
shows a top-level diagram of the simulated flywheel 
system. For clarity, only details of phase A are shown. 

A two-pole, three-phase, Permanent Magnet Synchro- 
nous Motor/Generator (PMSM) is shaft-coupled to the 
flywheel. The voltage magnitude and frequency at the 
machine winding terminals are directly proportional to 
the speed of rotation. Thus, during motor action, for 
example, an inverter output with the desired voltage 
and frequency profile is made available to transfer 
energy to the motor and, hence, to the flywheel. Natu- 
rally, the reverse process takes place when energy is 
transferred in the opposite direction. 

For a typical synchronous motor, changing the fre- 
quency of the applied voltage changes the motor speed. 
This is known as open-loop speed control. However, in 
the present case, the speed control is also based on shaft 
position feedback, the closed-loop control. Briefly, only 
the winding whose axis aligns with the pole axis is 
energized, successively, to create torque. Hence, it is 
necessary to know the location of the pole axis or the 
shaft position. It may be noted, however, that these 
considerations are not relevant in the present simula- 
tion, because there is no explicit shaft rotation in the 
simplified model of the synchronous machine. 

The power electronics (Fig. 3) in a FESU converts a dc 
source to an ac power (charge mode) and vice versa 
(discharge mode). Although there could be many ways 
to bring this about, for this simulation, three single- 
phase, dc-to-ac converters were connected to the three 
motor terminals. The Y-point of the motor winding 
remained unconnected. The dc ends of the converters 
were connected, in parallel, to the dc bus. Appropriate 
filters are installed between the dc bus and the conver- 
ter switches (SI A and S2B) to mitigate the effects of 
harmonics caused by the switching action. The motor 
winding terminal was connected to the common point 
between the switches. Thus, any current entering or 
leaving a motor winding was returned via the other two 
windings and the appropriate closed switches or the 
diodes in parallel (actually the body diode). A closing 
and opening sequence for the switches was established 
to transfer power between dc and ac operation. 


As mentioned earlier, the controller (Fig. 4) operated 
the power electronic switches to excite the motor 
windings according to the shaft position. For this simu- 
lation, the controller also limited the currents in the 
switches and the windings to 150 and 100 A, respec- 
tively. Reference values of the currents to be limited 
were compared with the actual currents that were fed 
back, and error signals were generated to drive the 
pulse-width modulator that operates the switch (Fig. 5). 
Similarly, other desirable quantities could be controlled, 
such as the rate of change of the flywheel speed and the 
rate of the charge or discharge current. The controller 
could issue a command to reverse operation from 
charge to discharge. A reference sine wave controlled 
errors in the pulse-width modulator (PWM). The fre- 
quency of this sine wave determined the frequency of 
the machine output voltage and, therefore, the flywheel 
speed. 

Certain observations can be made with respect to the 
switch action (see Fig. 5). During a charge operation, 
only switch SI A was pulse-width modulated while 
switch S2B worked in an on-off mode. During a dis- 
charge operation, only switch S2B was pulse-width 
modulated, while switch SI A was open all the time. 
However, the body diode of SI A would conduct the 
signal if the appropriate bias voltage was available. 

MOTOR MODEL 

An electrical, not an electromechanical, model was 
used for this simulation. Thus, the model could not 
simulate the motor torque equation as a mechanical 
quantity. However, it could simulate the electrical 
response by virtue of its back electromagnetic force 
(EMF) and the winding parameters. Each phase of the 
motor consists of an R-L series circuit, in series with a 
sinusoidal voltage source that represented the back 
EMF (i.e,, the air gap voltage). The Y-point was left 
unconnected. Presently, the magnitude and frequency of 
the back EMF are held constant for a given case. Thus, 
with the motor/generator, we are able to simulate 
pow T er exchange but not an energy exchange. Or the 
simulation can take place with the machine at a fixed 
rotational speed. Motor simulation data are shown in 
Table I. 

During normal operation the rotor speed will not go 
below 20 000 rpm. At that speed, the voltage and fre- 
quency are one-third of their values at the maximum 
speed. The current rating does not change. This model 
assumes that the rotor is uniformly round and that 
saliency effects are neglected. These will be considered 
in the next phase of modeling. 
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TABLE I.— SIMULATION DATA FOR THE 
THREE-PHASE, TWO-POLE PERMANENT 
MAGNET SYNCHRONOUS 


MOTOR GENERATOR 

Resistance per phase, mQ 14.5 

Inductance per phase, juH 16.7 

At a maximum rotor speed of 60 000 rpm. 

Open circuit voltage. V Ulw . Hne , rms 80 

Machine rating, kVA 7 

F requency , Hz 1 000 

Line current. A, rms 50 

dc Bus voltage range, V 160 to 120 


SCOPE OF SIMULATION 

As was mentioned earlier, the motor operation was 
simulated at a constant speed. At this chosen speed we 
could simulate charge or discharge action. Because of 
the magnitude of both the dc and ac voltages, bucking 
occurred during charging and boosting occurs during 
discharging. Thus, in a given situation, the level of 
power being transferred depended on the levels of dc 
and ac voltages encountered. Keeping this in view, we 
ran five simulations, as shown in Table II. These cases 
cover all the dc and ac voltage extremes. Also, as 
pointed out earlier, the voltage magnitude and fre- 
quency changed proportionally with the number of 
revolutions per minute. 


TABLE II.— SIMULATIONS BASED ON AC AND DC 
OPERATING VOLTAGES 


Case 

Flywheel 

speed, 

rpm 

Back EMF, 
line -neutral, 
peak volts, 
V 

Frequency, 

Hz 

dc Bus 
voltage, 
V 

Figure 

showing 

results 

1 

40 000 

43 

666 

140 

6 

2 

20 000 

22 

333 

120 

7 

3 

20 000 

22 

333 

160 

8 

4 

60 000 

65 

1000 

120 

9 

5 

60 000 

65 

1000 

160 

10 


SIMULATION TOOL 


Saber, a simulation software package developed by 
Analogy, Inc. (now part of Avant! 5 ), was used for these 
simulations. The tool permits complete circuit simula- 
tion as well as control simulation using logic devices. 

SIMULATION RESULTS 

The five cases delineated in Table II were simulated, 
and the resulting data plots are shown in Figures 6 
to 10. Case 1 has voltage values midway between the 
extremes chosen in the other cases. The results shown 
are steady-state operations over an arbitrary length of 
time. For each case, both charge and discharge 
operations are shown. Cases 2 to 5 represent pairings of 


the high and low values of the ac and dc voltages. 
These are possible conditions of operation. 

Figure 6 shows simulation results for case 1, including 
the levels of charge and discharge and the enable com- 
mands needed to achieve charge, idle, and discharge 
operations. The phase-A back EMF is also shown. By 
definition, this is a sine wave of a specified magnitude 
and frequency. Next shown is a rectified version of the 
phase-A current. Lastly, the dc current output of the 
FESU to the system dc bus is shown. Clearly, this cur- 
rent is negative during the charge mode, as it should be. 

Figures 7 to 10 show results for the remaining simula- 
tions from Table II. Only rectified phase-A current and 
the dc current into the dc bus are shown for compari- 
son. The high and low values of the ac voltages denote 
conditions at the operating range of the flywheel, 
whereas the high and low values of the dc voltage 
denote values most likely available at the beginning 
and end of the space station’s useful life. Note that the 
motor current was limited to 100 A (as previously men- 
tioned) in all the cases except case 4. 

As discussed earlier, bucking and boosting take place 
in charge and discharge modes, respectively, mainly 
because of the voltage levels available. The amount of 
boosting possible also depends on the commutating 
inductance (the winding inductance in this case). We 
verified that we could make the discharge current 
nearly zero by arbitrarily increasing the dc voltage or 
decreasing the ac voltage (results not shown). 

The switch model consists of a nearly ideal switch in 
parallel with an ideal diode (the body diode). The motor 
winding current waveforms do not look like rectified 
sine waves. In fact, one-half of the waveform looks 
quite distorted. This is caused by unregulated current in 
the control method during this period. Snubber circuits, 
which were not modeled, will also influence the shape 
of these waveforms. 

CONCLUDING REMARKS 

Interaction of the electronic dc-to-ac power converter, 
which connects the dc bus to the flywheel was demon- 
strated at constant flywheel speed, and the exchange 
and reversal of currents between the two was shown. 
A simplified version of the machine model was used 
which precludes the simulation of the electromechan- 
ical behavior of the machine. Work is in progress to 
upgrade the models, which will lead to a demonstration 
of the energy exchange between the dc bus and the 
flywheel. 
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Figure 1 . — Energy transfer diagram for Flywheel Energy Storage Unit. 
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Figure 2. — Top-level diagram of the simulated flywheel system. 
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Figure 3. — Details of phase-A power circuits. 
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Figure 4. — Details of phase-A control circuits. 
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Figure 5. — Typical pulse-width-modulated drive signals for the power electronic switches. Charge mode, 
0 to 7 ms; idle mode, 7.1 to 9 ms; discharge mode, 9.1 to 16 ms. 


NAS A/TM— 2000-2 1 0242 


6 

American Institute of Aeronautics and Astronautics 




MO: 0.0064538 



0 5 10 15 

Time, ms 


Figure 6. — Simulation results for case 1 . Motor electromotive force 
(EMF) voltage, 43 Vac (line-neutral, peak); dc bus voltage, 140 Vdc 

(a) Charge, idle, and discharge commands needed for operations. 

(b) Phase-A motor back EMF voltage, (c) Rectified phase-A motor 
current, (d) dc bus current. 
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Figure 7. — Simulation results for case 2. Motor electromotive 
force (EMF) voltage, 22 Vac (line-neutral, peak); dc bus voltage, 

1 20 Vdc. (a) Rectified phase-A motor current, (b) dc bus current. 
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Figure 8. — Simulation results for case 3. Motor electromotive 
force (EMF) voltage, 22 Vac (line-neutral, peak); dc bus voltage, 

1 60 Vdc. (a) Rectified phase-A motor current, (b) dc bus current. 
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Figure 9. — Simulation results for case 4. Motor electromotive force 
(EMF) voltage, 65 Vac (line-neutral, peak); dc bus voltage, 1 20 Vdc. 
(a) Rectified phase-A motor current, (b) dc bus current. 


200.0 





Figure 1 0. — Simulation results for case 5. Motor electromotive force 
(EMF) voltage, 65 Vac (line-neutral, peak); dc bus voltage, 1 60 Vdc. 
(a) Rectified phase-A motor current, (b) dc bus current. 
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